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1
DISPLAY WITH PERIPHERALLY
CONFIGURED ULTRASONIC BIOMETRIC
SENSOR

CROSS REFERENCE TO RELATED
APPLICATION

This application claims benefit of priority under 35 U.S.C.
§119(e) to U.S. Provisional Patent Application No. 61/830,
582, filed Jun. 3, 2013, which is hereby incorporated by
reference herein in its entirety and for all purposes.

TECHNICAL FIELD

This disclosure relates generally to pixelated digital dis-
play modules. More specifically, this disclosure relates to
display modules having ultrasonic fingerprint and biometric
sensors integrated therein.

DESCRIPTION OF THE RELATED
TECHNOLOGY

In an ultrasonic sensor system, an ultrasonic transmitter
may be used to send an ultrasonic wave through an ultrasoni-
cally transmissive medium or media and towards an object to
be detected. The transmitter may be operatively coupled with
an ultrasonic sensor configured to detect portions of the ultra-
sonic wave that are reflected from the object. For example, in
ultrasonic fingerprint imagers, an ultrasonic pulse may be
produced by starting and stopping the transmitter during a
very short interval of time. At each material interface encoun-
tered by the ultrasonic pulse, a portion of the ultrasonic pulse
is reflected.

For example, in the context of an ultrasonic fingerprint
imager, the ultrasonic wave may travel through a platen on
which a person’s finger may be placed to obtain a fingerprint
image. After passing through the platen, some portions of the
ultrasonic wave encounter skin that is in contact with the
platen, e.g., fingerprint ridges, while other portions of the
ultrasonic wave encounter ait, e.g., valleys between adjacent
ridges of a fingerprint, and may be reflected with different
intensities back towards the ultrasonic sensor. The reflected
signals associated with the finger may be processed and con-
verted to a digital value representing the signal strength of the
reflected signal. When multiple such reflected signals are
collected over a distributed area, the digital values of such
signals may be used to produce a graphical display of the
signal strength over the distributed area, for example by con-
verting the digital values to an image, thereby producing an
image of the fingerprint. Thus, an ultrasonic sensor system
may be used as a fingerprint sensor or other type of biometric
sensor. In some implementations, the detected signal strength
may be mapped into a contour map of the finger that is
representative of the depth of the ridge structure detail.

SUMMARY

The systems, methods and devices of the disclosure each
have several innovative aspects, no single one of which is
solely responsible for the desirable attributes disclosed
herein.

In some implementations, a thin-film transistor (TFT)
backplane may be provided. The TFT backplane may include
a substrate with a first side and an opposing second side. An
array of display pixel circuits may be located on or in the first
side, each display pixel circuit configured to cause a display
pixel of a display device connectable to the TFT backplane to
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change light-emitting, light-transmitting, or light-reflecting
states. An array of sensor pixel circuits may be located on or
in the first side, each sensor pixel circuit configured to form
part of a sensor circuit configured to read a charge provided to
the sensor circuit from an array location. The array of display
pixel circuits and the array of sensor pixel circuits may
occupy non-overlapping areas of the TFT backplane.

In some implementations of the TFT backplane, the array
of sensor pixel circuits may be configured to form part of a
piezoelectric sensor circuit for a piezoelectric ultrasonic bio-
metric sensor. In some such implementations, the piezoelec-
tric ultrasonic biometric sensor may be a fingerprint sensor. In
some additional such implementations, the fingerprint sensor
may be large enough to capture fingerprints from at least two
fingers simultaneously. In some implementations, the piezo-
electric ultrasonic biometric sensor may be a palmprint sen-
sor.

In some implementations of the TFT backplane, the TFT
backplane may also include a single sensor pixel circuit sepa-
rate from the array of sensor pixel circuits, the single pixel
circuit configured to perform as an ultrasonic button.

In some implementations of the TFT backplane, the TFT
backplane may also include an array of pixel input electrodes.
In such implementations, each pixel input electrode may
overlay a sensor pixel circuit in the array of sensor pixel
circuits. The sensor pixel circuits may be spaced apart at a first
pitch distance in a first direction, and each pixel input elec-
trode may have a nominal width in the first direction greater
than about 70% of'the first pitch distance and less than the first
pitch distance.

In some implementations of the TFT backplane, the TFT
backplane may also include a piezoelectric layer that overlays
the array of sensor pixel circuits.

In some implementations of the TFT backplane, the sensor
pixel circuits may be arrayed with a density of approximately
500 sensor pixel circuits per inch or higher.

In some implementations of the TFT backplane, the TFT
backplane may also include a plurality of display data traces
that are substantially parallel to one another and spaced apart
by a first pitch distance within the area of the TFT backplane
occupied by the array of display pixel circuits. In such imple-
mentations, the TFT backplane may also include a display
fanout. The display data traces may enter the display fanout
spaced apart by the first pitch distance and may exit the
display fanout spaced apart by a second pitch distance less
than the first pitch distance. The display fanout may be
located substantially between the array of sensor pixel cir-
cuits and the array of array of display pixel circuits.

In some such implementations of the TFT backplane, the
TFT backplane may also include a plurality of sensor data
traces that are substantially parallel to one another and spaced
apart by a third pitch distance within the area of the TFT
backplane occupied by the array of sensor pixel circuits. In
such TFT backplane implementations, the TFT backplane
may also include a sensor fanout. The sensor data traces may
enter the sensor fanout spaced apart by the third pitch distance
and exit the sensor fanout spaced apart by a fourth pitch
distance less than the third pitch distance.

In some additional such implementations ofthe TFT back-
plane, the TFT backplane may also include a display driver
chip and a sensor driver chip that are both located on the TFT
backplane. The display driver chip may be electrically con-
nected to the display data traces exiting the display fanoutand
having the second pitch distance and the sensor driver chip
may be electrically connected to the sensor data traces exiting
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the sensor fanout and having the fourth pitch distance. The
sensor driver chip and the display driver chip may be separate
chips.

In some additional implementations of'the TFT backplane,
the TFT backplane may also include a combined display and
sensor driver chip located on the TFT backplane. The com-
bined display and sensor driver chip may be electrically con-
nected to the display data traces exiting the display fanoutand
having the second pitch distance as well with the sensor data
traces exiting the sensor fanout and having the fourth pitch
distance. The combined display and sensor driver chip may be
a single integrated chip.

In some implementations, a display module may be pro-
vided. The display module may have a cover glass sized larger
than an active display area of the display module. The display
module may also include a thin-film transistor (TFT) back-
plane with a first side and an opposing second side. The TFT
backplane may have an array of display pixel circuits located
on or in the first side and an array of sensor pixel circuits
located on or in the first side, each sensor pixel circuit con-
figured to form part of a piezoelectric sensor circuit for a
piezoelectric sensor. The array of display pixel circuits and
the array of sensor pixel circuits may occupy non-overlapping
areas of the TFT backplane. The display module may also
include one or more display components stacked between the
cover glass and the TFT backplane and configured to, in
conjunction with the array of display pixel circuits, provide
display functionality for the display module. The display
module may also include an ultrasonic sensor system. At least
part of the ultrasonic sensor system may be located between
the TFT backplane and the cover glass, and the array of sensor
pixel circuits may form part of the ultrasonic sensor system.

In some such display module implementations, the ultra-
sonic sensor system may include an ultrasonic transmitter and
an ultrasonic receiver in a stacked arrangement, and the dis-
tance between the ultrasonic transmitter and the cover glass
and the distance between the ultrasonic receiver and the cover
glass may both be substantially free of gaps.

In some such display module implementations, the ultra-
sonic transmitter may include a piezoelectric ultrasonic trans-
mitter layer interposed between a first transmitter electrode
and a second transmitter electrode, and the ultrasonic receiver
may include a piezoelectric ultrasonic receiver layer inter-
posed between the array of sensor pixel circuits and a receiver
bias electrode. In some additional such implementations of
the display module, the ultrasonic receiver may be interposed
between the TFT backplane and the cover glass.

In some implementations, the display module may include
a conductive touch layer formed on the cover glass and the
receiver bias electrode may be provided by a portion of the
conductive touch layer. In some additional such implementa-
tions, the conductive touch layer around the array of sensor
pixel circuits may be electrically-reinforced with silver ink
and the conductive touch layer within the array of sensor pixel
circuits may be substantially free of silver ink. As used herein,
the electrically-reinforced portion of the conductive touch
layer may have a substantially higher electrical conductivity
than the average or nominal electrical conductivity of the
remainder of the conductive touch layer.

In some implementations of the display module, the dis-
play module may include one or more spacers arranged in a
stacked configuration with the ultrasonic receiver. The one or
more display components stacked between the cover glass
and the TFT backplane may have a display stack thickness.
The ultrasonic receiver, inclusive of the receiver bias elec-
trode, may have an ultrasonic receiver thickness that is less
than the display stack thickness, and the stacked configura-
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tion of the one or more spacers and the ultrasonic receiver,
inclusive of the receiver bias electrode and any adhesive or
bonding layers between the ultrasonic receiver and the one or
more spacers, may have a first stack thickness that is substan-
tially equal to the display stack thickness.

In some implementations, a thin-film transistor (TFT)
backplane may be provided. The TFT backplane may include
a substrate with a first side and an opposing second side, an
array of display pixel circuits located on or in the first side,
each display pixel circuit configured to cause a display pixel
of a display device connectable with the TFT backplane to
change light-emitting, light-transmitting, or light-reflecting
states, and a sensor pixel circuit located on or in the first side,
the sensor pixel circuit configured to form part of a sensor
circuit configured to read a charge provided to the sensor
circuit. The array of display pixel circuits and the sensor pixel
circuit may occupy non-overlapping areas of the TFT back-
plane.

In some such implementations, the TFT backplane may
include one or more additional sensor pixel circuits. In some
further such implementations, the sensor pixel circuit and the
one or more additional sensor pixel circuits may be config-
ured to provide a slider control.

In some implementations of the TFT backplane, the sensor
pixel circuit may be configured to be a button control.

In some implementations of the TFT backplane, the TFT
backplane may also include an array of second sensor pixel
circuits located on or in the first side, each second sensor pixel
circuit configured to form part of a second sensor circuit
configured to read a charge provided to the second sensor
circuit from an array location. The array of display pixel
circuits and the array of second sensor pixel circuits may
occupy non-overlapping areas of the TFT backplane.

BRIEF DESCRIPTION OF THE DRAWINGS

Details of one or more implementations of the subject
matter described in this specification are set forth in the
accompanying drawings and the description below. Other
features, aspects, and advantages will become apparent from
the description, the drawings, and the claims. Note that the
relative dimensions of the following figures may not be drawn
to scale.

Like reference numbers and designations in the various
drawings indicate like elements.

FIGS. 1A-1C show an example of a schematic diagram of
an ultrasonic sensor system.

FIG. 2 shows an example of an exploded view of an ultra-
sonic sensor system.

FIG. 3A shows an example of'a 4x4 pixel array of pixels for
an ultrasonic sensor.

FIG. 3B shows an example of a high-level block diagram of
an ultrasonic sensor system.

FIG. 4 depicts an example of a display module with an
integrated ultrasonic biometric sensor.

FIG. 5 depicts another example of a display module with an
integrated ultrasonic biometric sensor.

FIG. 6 depicts an example of a display module without an
integrated ultrasonic biometric sensor.

FIG. 7 depicts the example of the display module of FIG. 6
with a fanout modified to accommodate an integrated ultra-
sonic biometric sensor.

FIG. 8A depicts the example of the display module of FIG.
4 with a high-width ultrasonic biometric sensor.

FIG. 8B depicts a side view of an example display module
with a high-width ultrasonic biometric sensor used as a palm-
print sensor.
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FIG. 9 depicts a conceptual side view of an example of a
display module with an integrated ultrasonic biometric sen-
sor.

FIG. 10 depicts a conceptual side view of another example
of a display module with an integrated ultrasonic biometric
sensor.

FIG. 11 depicts a conceptual side view of another example
of a display module with an integrated ultrasonic biometric
sensor.

FIG. 12 depicts a plan view of a display module similar to
that shown in FIG. 4 but with additional ultrasonic buttons
integrated onto the backplane.

FIG. 13 depicts a conceptual plan view of a touch layer for
a display module shown in FIG. 11.

DETAILED DESCRIPTION

The following description is directed to certain implemen-
tations for the purposes of describing the innovative aspects
of'this disclosure. However, a person having ordinary skill in
the art will readily recognize that the teachings herein can be
applied in a multitude of different ways. The described imple-
mentations may be implemented in any device, apparatus, or
system for ultrasonic sensing. In addition, it is contemplated
that the described implementations may be included in or
associated with a variety of electronic devices such as, but not
limited to: mobile telephones, multimedia Internet enabled
cellular telephones, mobile television receivers, wireless
devices, smartphones, Bluetooth® devices, personal data
assistants (PDAs), wireless electronic mail receivers, hand-
held or portable computers, netbooks, notebooks, smart-
books, tablets, printers, copiers, scanners, facsimile devices,
global positioning system (GPS) receivers/navigators, cam-
eras, digital media players (such as MP3 players), camcord-
ers, game consoles, wrist watches, clocks, calculators, tele-
vision monitors, flat panel displays, electronic reading
devices (e.g., e-readers), mobile health devices, computer
monitors, auto displays (including odometer and speedom-
eter displays, etc.), cockpit controls and/or displays, camera
view displays (such as the display of a rear view camera in a
vehicle), electronic photographs, electronic billboards or
signs, projectors, architectural structures, microwaves, refrig-
erators, stereo systems, cassette recorders or players, DVD
players, CD players, VCRs, radios, portable memory chips,
washers, dryers, washer/dryers, parking meters, packaging
(such as in electromechanical systems (EMS) applications
including microelectromechanical systems (MEMS) applica-
tions, as well as non-EMS applications), aesthetic structures
(such as display of images on a piece of jewelry or clothing)
and a variety of EMS devices. The teachings herein also can
be used in applications such as, but not limited to, electronic
switching devices, radio frequency filters, sensors, acceler-
ometers, gyroscopes, motion-sensing devices, magnetom-
eters, inertial components for consumer electronics, parts of
consumer electronics products, varactors, liquid crystal
devices, electrophoretic devices, drive schemes, manufactur-
ing processes and electronic test equipment. Thus, the teach-
ings are not intended to be limited to the implementations
depicted solely in the Figures, but instead have wide applica-
bility as will be readily apparent to one having ordinary skill
in the art.

The implementations described herein relate to pixelated
display modules that incorporate an ultrasonic biometric sen-
sor such as a fingerprint sensor at a location peripheral to the
display area of the display module. The various concepts
outlined herein are primarily discussed with respect to inte-
gration with a liquid crystal display, but may be implemented
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in display modules using other types of display technology,
including OLED, LED, e-ink, microelectromechanical sys-
tems (MEMS)-based reflective displays, and so forth. For
example, any display having a cover glass may serve as a
potential candidate for integration with an ultrasonic biomet-
ric sensor that is mounted to the cover glass, as discussed in
more detail later in this disclosure. Additionally, any display
having a display pixel circuit-providing backplane may serve
as a potential candidate for integration with an ultrasonic
biometric sensor such that the backplane contains two arrays
of pixel circuits—an array of display pixel circuits that are
configured to deliver voltage or current to display pixels and
a separate array of sensor pixel circuits that are configured to
detect a charge generated in a piezoelectric receiver layer.
Such concepts are also discussed in more detail later in this
disclosure.

The various concepts outlined herein may be generally
advantageous in a number of ways. For example, one signifi-
cant advantage that is provided by many of the implementa-
tions described herein is that a cell-phone-sized display mod-
ule with an ultrasonic fingerprint sensor integrated near the
periphery of the display area may be provided. Such an ultra-
sonic fingerprint sensor may allow for through-cover-glass
fingerprint imaging, even through portions of the cover glass
that are opaque to light, e.g., such as portions of the cover
glass that are screen printed or otherwise rendered opaque so
as to obscure internal circuitry, or other device features
deemed non-aesthetic by many, from external view. This may
allow for a biometric access control for portable electronic
devices utilizing such a display module, which represents an
added level of protection for the device owner without sacri-
ficing the overall design aesthetic of the portable device.

Another advantage, as described further below, is that sen-
sor pixel circuits for an ultrasonic fingerprint sensor may be
implemented on existing display pixel circuit backplanes
with little or no change to the existing display pixel circuit (or
to the manufacturing process used to produce such display
pixel circuits). In some implementations, a design for an array
of sensor pixel circuits may simply be copied onto a back-
plane design with minimal additional effort. In some cases,
circuit component designs, e.g., multiplexers, drivers, etc.,
that are already proven and used in display pixel circuits on an
existing backplane may also be used to provide circuit func-
tionality in a sensor pixel circuit or attendant sensor circuitry.
A further benefit is that design rules formulated to govern the
construction of display-related circuitry on the backplane
may be equally applicable to ultrasonic fingerprint sensor-
related circuitry provided on the same backplane. Thus,
implementing a backplane that provides both an array of
display pixel circuits and an array of sensor pixel circuits may
be achievable with considerably reduced effort than might
otherwise expended in order to provide fingerprint sensing
capability to display modules using other avenues.

The full implications of such benefits are not readily appar-
ent, and are worthy of at least some comment. Producing a
new TFT backplane design from scratch may involve a con-
siderable expenditure of resources by a backplane manufac-
turer. As a result, such manufacturers, in a practical sense, are
often loathe to embark on such ventures unless a customer is
willing to commit to purchasing hundreds of thousands or
millions of backplanes. In turn, potential customers are often
not able to commit to such expenditures, and there are thus
significant barriers to implementing new backplane designs.
However, if a backplane manufacturer can leverage an exist-
ing, proven display backplane and readily integrate ultrasonic
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fingerprint scanning capability or support into the backplane,
the manufacturer is much more likely to be open to pursuing
such a design.

Another advantage to integrating an ultrasonic fingerprint
sensor into an existing display module is that such fingerprint
sensors, due to being located in a location in the display
module that is outside of the display area, i.e., peripherally to
the display area, may allow for various commonly-used touch
interface technologies to be used in conjunction with the
display portion of the display module with little or no change
in performance. For example, an ultrasonic fingerprint sensor
located in a display module in an area outside of the display
area would not interfere with a resistive or capacitive touch
sensor layer overlaid on the display area. Thus, the ultrasonic
fingerprint sensor placement and integration concepts with
respect to display modules outlined herein may be used with
a wide variety of different touch-sensing technologies.

Generally speaking, there are two design paradigms that
are often followed in the design of modern electrical compo-
nents. In the first, components are compartmentalized and
easily interchanged—they may be standardized in terms of
their connections, power requirements, input and outputs,
etc., allowing them be easily integrated into an assembly.
Such compartmentalization allows the device designer, e.g., a
mobile device designer, a high degree of flexibility in terms of
selecting components that may be used in a device.

A contrasting approach is to integrate the functionality
normally provided by separate components into a single
device. This approach is most often used when a common set
of circuits may be used to provide the functionality normally
provided by two separate components, or when two compo-
nents have complementary functionality. For example, a
touch-screen sensor may be provided as an integral part of a
display panel, e.g., provided by a capacitive touch layer on the
display cover glass. Such an integrated solution is logical in
this case since the touch-screen sensor complements the dis-
play panel and is co-located with the display panel.

The peripherally-located-with-respect-to-the-display sen-
sor concepts discussed herein represent a notable departure
from both of these design paradigms. By integrating a finger-
print or other type of sensor pixel circuit into a common
backplane in an area that is peripheral to an array of display
pixel circuits on the backplane, two otherwise separate sys-
tems are integrated into a common component, thus negating
the ability to easily switch between using different sensors,
e.g., fingerprint scanners, with different display modules—
this runs counter to the compartmentalization design para-
digm. At the same time, two systems that do not share func-
tionality or have complementary functionality, i.e., a display
module and a sensor located peripherally to the display mod-
ule, are integrated into a common component. This is contrary
to the integrated functionality design paradigm since there is
no functional reason for combining the two systems based on
their use in an end-user device. Thus, the concepts outlined
herein represent a counter-intuitive approach to the integra-
tion of sensor pixel circuits in a common backplane with
display pixel circuits.

FIGS. 1A-1C show an example of a schematic diagram of
an ultrasonic sensor system. As shown in FIG. 1A, ultrasonic
sensor system 10 may include an ultrasonic transmitter 20
and anultrasonic receiver 30 under a platen 40. The ultrasonic
transmitter 20 may be a piezoelectric transmitter that can
generate ultrasonic waves 21 (see FIG. 1B). The ultrasonic
receiver 30 includes a piezoelectric material and an array of
pixel circuits disposed on a substrate. In operation, the ultra-
sonic transmitter 20 generates an ultrasonic wave 21 that
travels through the ultrasonic receiver 30 to the exposed sur-
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face 42 of the platen 40. At the exposed surface 42 of the
platen 40, the ultrasonic energy may either be absorbed or
scattered by an object 25 that is in contact with the platen 40,
such as the skin of a fingerprint ridge 28, or reflected back. In
those locations where air contacts the exposed surface 42 of
the platen 40, e.g., valleys 27 between fingerprint ridges 28,
most of the ultrasonic wave 21 will be reflected back toward
the ultrasonic receiver 30 for detection (see FIG. 1C). Control
electronics 50 may be coupled to the ultrasonic transmitter 20
and ultrasonic receiver 30 and may supply timing signals that
cause the ultrasonic transmitter 20 to generate one or more
ultrasonic waves 21. The control electronics 50 may then
receive signals from the ultrasonic receiver 30 that are indica-
tive of reflected ultrasonic energy 23. The control electronics
50 may use output signals received from the ultrasonic
receiver 30 to construct a digital image of the object 25. In
some implementations, the control electronics 50 may also,
over time, successively sample the output signals to detect
movement of the object 25.

FIG. 2 shows an example of an exploded view of an ultra-
sonic sensor system 10 including an ultrasonic transmitter 20
and anultrasonic receiver 30 under a platen 40. The ultrasonic
transmitter 20 may be a plane wave generator including a
substantially planar piezoelectric transmitter layer 22. Ultra-
sonic waves may be generated by applying a voltage to the
piezoelectric layer to expand or contract the layer, depending
upon the signal applied, thereby generating a plane wave. The
voltage may be applied to the piezoelectric transmitter layer
22 via a first transmitter electrode 24 and a second transmitter
electrode 26. In this fashion, an ultrasonic wave may be made
by changing the thickness of the layer via a piezoelectric
effect. This ultrasonic wave travels toward a finger (or other
object to be detected), passing through the platen 40. A por-
tion of the wave not absorbed by the object to be detected may
be reflected so as to pass back through the platen 40 and be
received by the ultrasonic receiver 30. The first and second
transmitter electrodes 24 and 26 may be metallized elec-
trodes, for example, metal layers that coat opposing sides of
the piezoelectric transmitter layer 22.

The ultrasonic receiver 30 may include an array of pixel
circuits 32 disposed on a substrate 34, which also may be
referred to as a backplane, and a piezoelectric receiver layer
36. In some implementations, each pixel circuit 32 may
include one or more TFT elements, electrical interconnect
traces and, in some implementations, one or more additional
circuit elements such as diodes, capacitors, and the like. Each
pixel circuit 32 may be configured to convert an electric
charge generated in the piezoelectric receiver layer 36 proxi-
mate to the pixel circuit into an electrical signal. Each pixel
circuit 32 may include a pixel input electrode 38 that electri-
cally couples the piezoelectric receiver layer 36 to the pixel
circuit 32.

In the illustrated implementation, a receiver bias electrode
39 is disposed on a side of the piezoelectric receiver layer 36
proximal to platen 40. The receiver bias electrode 39 may be
a metallized electrode and may be grounded or biased to
control which signals are passed to the TFT array. Ultrasonic
energy that is reflected from the exposed (top) surface 42 of
the platen 40 is converted into localized electrical charges by
the piezoelectric receiver layer 36. These localized charges
are collected by the pixel input electrodes 38 and are passed
on to the underlying pixel circuits 32. The charges may be
amplified by the pixel circuits 32 and provided to the control
electronics, which processes the output signals. A simplified
schematic of an example pixel circuit 32 is shown in FIG. 3 A,
however one of ordinary skill in the art will appreciate that
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many variations of and modifications to the example pixel
circuit 32 shown in the simplified schematic may be contem-
plated.

Control electronics 50 may be electrically connected to the
first transmitter electrode 24 and the second transmitter elec-
trode 26, as well as with the receiver bias electrode 39 and the
pixel circuits 32 on the substrate 34. The control electronics
50 may operate substantially as discussed previously with
respect to FIGS. 1A-1C.

The platen 40 can be any appropriate material that can be
acoustically coupled to the receiver, with examples including
plastic, ceramic, glass, and sapphire. In some implementa-
tions, the platen 40 can be a cover plate, e.g., a cover glass or
a lens glass for a display. Detection and imaging can be
performed through relatively thick platens if desired, e.g., 3
mm and above.

Examples of piezoelectric materials that may be employed
according to various implementations include piezoelectric
polymers having appropriate acoustic properties, for
example, an acoustic impedance between about 2.5 MRayls
and 5 MRayls. Specific examples of piezoelectric materials
that may be employed include ferroelectric polymers such as
polyvinylidene fluoride (PVDF) and polyvinylidene fluoride-
trifluoroethylene (PVDF-TtFE) copolymers. Examples of
PVDF copolymers include 60:40 (molar percent) PVDF-
TrFE, 70:30 PVDF-TrFE, 80:20 PVDF-TrFE, and 90:10
PVDR-TrFE. Other examples of piezoelectric materials that
may be employed include polyvinylidene chloride (PVDC)
homopolymers and copolymers, polytetrafluoroethylene
(PTFE) homopolymers and copolymers, and diisopropylam-
monium bromide (DIPAB).

The thickness of each of the piezoelectric transmitter layer
22 and the piezoelectric receiver layer 36 may be selected so
as to be suitable for generating and receiving ultrasonic
waves. In one example, a PVDF piezoelectric transmitter
layer 22 is approximately 28 um thick and a PVDF-TrFE
receiver layer 36 is approximately 12 pum thick. Example
frequencies of the ultrasonic waves are in the range of 5 MHz
to 30 MHz, with wavelengths on the order of a quarter of a
millimeter or less.

FIGS. 1A through 1C and 2 show example arrangements of
ultrasonic transmitters and receivers in an ultrasonic sensor
system, with other arrangements possible. For example, in
some implementations, the ultrasonic transmitter 20 may be
above the ultrasonic receiver 30, i.e., closer to the object of
detection. In some implementations, the ultrasonic sensor
system may include an acoustic delay layer. For example, an
acoustic delay layer can be incorporated into the ultrasonic
sensor system 10 between the ultrasonic transmitter 20 and
the ultrasonic receiver 30. An acoustic delay layer can be
employed to adjust the ultrasonic pulse timing, and at the
same time electrically insulate the ultrasonic receiver 30 from
the ultrasonic transmitter 20. The delay layer may have a
substantially uniform thickness, with the material used for the
delay layer and/or the thickness of the delay layer selected to
provide a desired delay in the time for reflected ultrasonic
energy to reach the ultrasonic receiver 30. In doing so, the
range of time during which an energy pulse that carries infor-
mation about the object by virtue of having been reflected by
the object may be made to arrive at the ultrasonic receiver 30
during a time range when it is unlikely that energy reflected
from other parts of the ultrasonic sensor system 10 is arriving
at the ultrasonic receiver 30. In some implementations, the
TFT substrate 34 and/or the platen 40 may serve as an acous-
tic delay layer.

FIG. 3 A depicts a 4x4 pixel array of pixels for an ultrasonic
sensor. Each pixel may, for example, be associated with a
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local region of piezoelectric sensor material, a peak detection
diode and a readout transistor; many or all of these elements
may be formed on or in the backplane to form the pixel circuit.
In practice, the local region of piezoelectric sensor material of
each pixel may transduce received ultrasonic energy into
electrical charges. The peak detection diode may register the
maximum amount of charge detected by the local region of
piezoelectric sensor material. Each row of the pixel array may
then be scanned, e.g., through a row select mechanism, a gate
driver, or a shift register, and the readout transistor for each
column may be triggered to allow the magnitude of the peak
charge for each pixel to be read by additional circuitry, e.g., a
multiplexer and an A/D converter. The pixel circuit may
include one or more TFTs to allow gating, addressing, and
resetting of the pixel.

Each pixel circuit 32 may provide information about a
small portion of the object detected by the ultrasonic sensor
system 10. While, for convenience of illustration, the
example shown in FIG. 3A is of a relatively coarse resolution,
ultrasonic sensor systems having a resolution on the order of
500 pixels per inch or higher that are configured with a lay-
ered structure substantially similar to that shown in FIG. 2
have been demonstrated by the present inventors. The detec-
tion area of the ultrasonic sensor system 10 may be selected
depending on the intended object of detection. For example,
the detection area may range from about 5 mmx5 mm for a
single finger to about 3 inchesx3 inches for four fingers.
Smaller and larger areas, including square, rectangular and
non-rectangular geometries, may be used as appropriate for
the object.

FIG. 3B shows an example of a high-level block diagram of
an ultrasonic sensor system. Many of the elements shown
may form part of control electronics 50. A sensor controller
may include a control unit that is configured to control various
aspects of the sensor system, e.g., ultrasonic transmitter tim-
ing and excitation waveforms, bias voltages for the ultrasonic
receiver and pixel circuitry, pixel addressing, signal filtering
and conversion, readout frame rates, and so forth. The sensor
controller may also include a data processor that receives data
from the ultrasonic sensor circuit pixel array. The data pro-
cessor may translate the digitized data into image data of a
fingerprint or format the data for further processing.

For example, the control unit may send a transmitter (Tx)
excitation signal to a Tx driver at regular intervals to cause the
Tx driver to excite the ultrasonic transmitter and produce
planar ultrasonic waves. The control unit may send level
select input signals through a receiver (Rx) bias driver to bias
the receiver bias electrode and allow gating of acoustic signal
detection by the pixel circuitry. A demultiplexer may be used
to turn on and off gate drivers that cause a particular row or
column of sensor pixel circuits to provide sensor output sig-
nals. Output signals from the pixels may be sent through a
charge amplifier, a filter such as an RC filter or an anti-aliasing
filter, and a digitizer to the data processor. Note that portions
of the system may be included on the TFT backplane and
other portions may be included in an associated integrated
circuit.

Having described in some detail an example ultrasonic
fingerprint sensor, the following discussion addresses char-
acteristics of typical display modules. There are many difter-
ent technologies that may be used to provide modern, pix-
elated display devices for use in computer monitors,
televisions, mobile devices, and other electronic equipment.
Liquid crystal displays (LCDs) and organic light-emitting
diode (OLED) displays are examples of two such technolo-
gies. As mentioned previously, many of the examples in this
disclosure focus on integration of an ultrasonic fingerprint
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sensor with an LCD-type display architecture, although the
general techniques, design rules, and concepts outlined
herein may also be applied to other types of display technol-
ogy as well.

In LCDs, light emitted from a uniformly-illuminated back-
light passes through two polarizers that are parallel to one
another but oriented with their polarization axes perpendicu-
lar to one another. An array of liquid crystal cells, or pixels, is
interposed between the two polarizers. Each liquid crystal
cell is typically configured such that the liquid crystal inside
“relaxes” into a “twisted nematic state” when no voltage is
applied to the liquid crystal cell. In the twisted nematic state,
the liquid crystal causes polarized light passing through the
polarizer interposed between the liquid crystal cell and the
backlight to be twisted by 90°, allowing the light to then pass
through the remaining polarizer.

When a voltage is applied across a liquid crystal cell, the
liquid crystal untwists, causing the initially polarized light
passing through the liquid crystal to be twisted to a lesser
degree, resulting in less transmission of the light through the
second polarizer. The amount of twisting/untwisting of the
light is dependent on the voltage applied, allowing the amount
of light that passes through the dual-polarizer stack to be
modulated. Each such liquid crystal cell may serve as a pixel
or a subpixel of a display device. If color output is desired, a
color filter array may be placed between the liquid crystal
layer and the viewing surface of the display. The color filter
array may filter the light that is produced by each pixel such
that it is substantially monochromatic, e.g., red, green, or
blue. By combining the output of multiple pixels, e.g., a red
pixel, a green pixel, and a blue pixel, it may be possible to tune
the blended color produced by each such pixel grouping. In
such cases, the pixel elements may be referred to as subpixels,
and each grouping of subpixels that may be tuned to produce
blended light of a particular color may be referred to as a
pixel.

OLED displays utilize a more direct technique for provid-
ing light. In OLED displays, each pixel, or subpixel, is a
single light-emitting diode. Each diode may be individually
controlled so as to produce a varying amount of light of a
particular color. This bypasses the need for polarizer films
and liquid crystal elements and reduces the amount of light
that is “wasted” by a display panel as compared with an LCD
display panel.

While LCDs and OLED displays use very different tech-
niques for producing light, each type of display requires a
mechanism for individually controlling each display pixel or
subpixel. To provide such control, these displays utilize an
array of thin-film transistors (TFTs). The TFTs for LCDs are
commonly fabricated on a clear TFT backplane (also simply
referred to herein as a “backplane™), e.g., a glass or transpar-
ent polymer, to facilitate light transmission from the back-
light through the backplane and into the liquid crystal cells.
The TFTs for OLED displays may also be manufactured on a
clear backplane, although opaque backplanes may be used in
such types of displays.

Each display pixel of a display module may include one or
more TFTs that are arranged, sometimes in combination with
other circuit elements, in a circuit that controls the behavior of
that display pixel; such pixel-level circuits are referred to
herein as display pixel circuits. The display pixel circuits are
arranged on the backplane in an array that is substantially
coextensive with the display pixel array. Rather than address
all of the display pixel circuits controlling the pixels in the
display simultaneously, which would require separate traces
for each and every display pixel circuit, the control electron-
ics for such display modules typically sequentially “scan”
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through each row or column of the display pixel circuits at a
very high frequency. To facilitate such control, each column
may, for example, have a separate “data” line or trace, and
each row may have a separate “scan” line or trace. Alterna-
tively, each row may have a separate data line or trace, and
each column may have a separate scan line or trace. Each
display pixel circuit may typically be connected to one scan
trace and one data trace. Typically, power is applied to the
scan traces one at a time and while power is applied to a
particular scan trace, the display pixel circuits associated with
the powered scan trace may be individually controlled by
signals applied to their respective data traces.

The use of a scanning arrangement allows the number of
individual traces that must be accommodated for a display to
be reduced from potentially millions of traces to hundreds or
thousands of traces. This, however, is still an undesirably
large number of traces to deal with, and so display panels
often include one or more driver chips that communicate with
each data trace and scan trace and that translate image data
provided from an input or set of inputs into sequential sets of
scan signals and data signals that are output to the scan traces
and the data traces. Driver chips are typically connected to a
processor or other device that provides image data via a flex
cable having tens or hundreds of conductors. Thus, a multi-
million pixel display may be controlled by a flexible cable
having a drastically lower number of conductors, e.g., on the
order of 4-6 orders of magnitude lower.

Such driver chips may be considerably smaller in footprint
than the display may be. To accommodate such a size differ-
ential, the spacing between the data traces and/or scan traces
may be reduced between the display pixel circuit array and
the driver chip. From the perspective of the driver chip, the
traces may appear to “fan out” towards the array of display
pixel circuits, referred to herein as “fanout.” To accommodate
the driver chip or chips and the respective fanout, the TFT
backplane may be sized larger than the array of display pixel
circuits. In some cases, the fanout does not terminate at a
driver chip, but instead terminates at a flex cable connection.
The driver chip in such cases may be located on a component
at the opposing terminal end of the flex cable.

The present inventors have realized that the TFT backplane
for a display module may, within minimal or no alteration of
existing circuit patterning, be designed to accommodate a
second array of pixel circuits in the vicinity of the fanout.
Such a second array of pixel circuits may be used to provide
ultrasonic sensing functionality to a non-display region of the
display device; accordingly, the pixel circuits in the second
array may be referred to herein as sensor pixel circuits (as
opposed to the display pixel circuits discussed earlier). Such
sensing functionality may, for example, be used to provide an
ultrasonic fingerprint sensing capability. The present inven-
tors have further realized that this may be of particular interest
in mobile electronic devices to allow for biometric identifi-
cation measures to be implemented in an aesthetically-pleas-
ing manner on the device to help secure the device and the
data therein in the event of loss or theft.

FIG. 4 depicts a schematic plan view of a conceptual 43 by
59 pixel display device (2537 pixels total); a display pixel
circuit 406 is associated with, and located in the vicinity of,
each pixel and is located on a backplane 402. In this example,
display scan traces 408 are associated with each column of
display pixel circuits 406, and display data traces 410 are
associated with each row of display pixel circuits 406. A
display driver chip 414 is located to one side of display pixel
array 418. A display scan select circuit 420 may be configured
for individual control of each display scan trace 408. The
display scan select circuit 420 may be driven from the display
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driver chip 414 or by another source. The display data traces
410 are routed through display fanout 412 so as to accommo-
date the difference in spacing between the display data traces
410 and the pinout spacing of the display driver chip 414. A
display flex cable 416 may be connected with input/output
traces of the display driver chip 414 to allow the display
module 400 to be communicatively connected with other
components, e.g., a processor, that may send data to the
display module 400 for output.

Also depicted in FIG. 4 is a smaller array of sensor pixel
circuits 426 in sensor pixel array 438. Each sensor pixel
circuit 426 in the sensor pixel array 438 may be connected to
a sensor scan trace 428 and a sensor data trace 430. The data
traces 430 may be routed to a sensor driver chip 434 via a
sensor fanout 432. A sensor scan select circuit 424 may be
configured for individual control of each sensor scan trace
428. The sensor scan select circuit 424 may be driven from the
sensor driver chip 434 or by another source. A sensor flex
cable 436 may be connected to the pinouts of the sensor driver
chip 434. Each sensor pixel circuit 426 may include one or
more TFTs and, in some implementations, one or more other
circuit elements such as capacitors, diodes, etc. In contrast to
the display pixel circuits 406 that drive the display pixels,
which may be configured to supply voltage or current to a
liquid crystal element or to an OLED element, the sensing
elements 426 may instead be configured to receive electrical
charges produced by a piezoelectric ultrasonic receiver layer
overlaying the sensor pixel array 438.

It is to be understood that the components shown in FIG. 4
are not drawn to scale, and that other implementations may
differ significantly from that shown. For example, the pixel
resolution of the display shown is relatively small, but the
same backplane arrangement may be used with higher-reso-
Iution displays, e.g., 1136x640 pixel displays, 1920x1080
pixel displays, etc. In the same manner, the sensor pixel array
may be larger than the 11x14 pixel sensor pixel array 438
shown. For example, the resolution of the sensor pixel array
438 may produce a pixel density of approximately 500 pixels
per inch (ppi), which may be well-suited for fingerprint scan-
ning and sensing purposes.

In the implementation shown in FIG. 4, the display pixel
array 418 and the sensor pixel array 438 are, aside from being
located on a common backplane 402, otherwise entirely sepa-
rate from one another. The display pixel array 418 commu-
nicates with its own display driver chip 414 and display flex
cable 416, and the sensor pixel array 438 communicates with
its own sensor driver chip 434 and sensor flex cable 436.

A more integrated version of the display module 400 is
depicted in FIG. 5. In FIG. 5, the structures shown are, in large
part, identical to those shown in FIG. 4. Elements in FIG. 5
that are numbered with callouts having the same last two
digits as similar structures in FIG. 4 are to be understood to be
substantially similar to the corresponding structures in FIG.
4. In the interest of avoiding repetition, the reader is referred
to the earlier description of such elements with respect to F1G.
4 with regard to FIG. 5.

One notable difference between FIG. 4 and FIG. 5 is that
the display driver chip 514 and the sensor driver chip 534 are
adjacent to one another and are connected to a common touch
and ultrasonic flex cable 540. In some implementations, the
functionality of the display driver chip 514 and the sensor
driver chip 534 may be provided by a single, integrated chip.

The configurations shown in FIGS. 4 and 5 may be imple-
mented in existing TFT backplanes with little difficulty since
no change to the display pixel array 418/518 is needed. Addi-
tionally, the sensor pixel circuits 426/526, e.g., the TFTs and
other circuit elements that form the sensor pixel circuits 426/
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526, may be formed during the same processes that are used
to form the display pixel circuits 406/506. TFT backplane
manufacturers are thus spared any redesign of the display
pixel array 418/518, allowing fingerprint scanning function-
ality to be added to an area adjacent to the display pixels at a
reduced development cost. Moreover, the actual production
of'a TFT backplane with a sensor pixel array 438/538 such as
that shown may involve negligible additional cost since the
same processes already used to produce the display pixel
array 418/518 may be leveraged to concurrently produce the
sensor pixel array 438/538.

In some implementations, some re-routing of the display
fanout may be performed to allow for a larger size second
TFT array to be placed on the backplane. FIGS. 6 and 7 depict
an example of such re-routing. In FIG. 6, a display module
600 with a display pixel array 618 is shown. The display
module 600 does not have an accompanying sensor pixel
array, but is otherwise very similar to the display modules
shown in FIGS. 4 and 5. In FIG. 7, a display module 700 is
depicted that is substantially identical to the display module
600 except that a sensor pixel array 738, with accompanying
sensor data traces 730, scan traces 728, sensor driver chip
734, etc., has been added to backplane 702. As can be seen,
the only modification to the backplane 602 that is needed to
produce the backplane 702 is to re-route some of the data
traces 610 in the display fanout 712. Such minor alterations in
trace routing may have a low impact on redesign costs asso-
ciated with converting an existing display module 600’s
design so as to resemble the display module 700°s design.

FIG. 8A depicts the example of the display module of FIG.
4 with a high-width ultrasonic fingerprint sensor. In FIG. 8A,
the structures shown are, in large part, identical to those
shown in FIG. 4. Elements in FIG. 8 A that are numbered with
callouts having the same last two digits as similar structures in
FIG. 4 are to be understood to be substantially similar to the
corresponding structures in FIG. 4. In the interest of avoiding
repetition, the reader is referred to the earlier description of
such elements with respect to FIG. 4 with regard to FIG. 8A.

As can be seen, the sensor pixel array 838 in FIG. 8A is
considerably larger in width, i.e., across the vertical direction
in the Figure, than the sensor pixel array 438 is in F1G. 4. This
may allow multiple fingertips to be placed on the sensor pixel
array 838 simultaneously, allowing for simultaneous finger-
print recognition across multiple fingertips. Moreover, such
larger-footprint sensor pixel arrays may also be used to obtain
other biometric information, e.g., a palm print (or partial palm
print) may be obtained when a person presses the palm of
their hand against the cover glass of the display. In the same
manner, other biometric data may be obtained when other
portions of a human body are pressed against the cover glass,
e.g., ear prints, cheek prints, etc. At the same time, a larger
sensor pixel array may also allow for additional input func-
tionality. For example, the sensor pixel array may be config-
ured to detect when a stylus is in contact with the cover glass
and to track the motion of the stylus. The resulting XY posi-
tion data for the stylus tip may be used, for example, to obtain
the signature of a user, or to receive stylus input for purposes
such as text input or menu selections. Depending on the
packaging arrangement, the sensor pixel array may be located
as shown, i.e., on the same side of the display module 800 as
the display fanout 812, or may be located on the opposite side
of the display module 800, i.e., on the opposite side of the
display pixel array 818 from the display fanout 812. In the
former case, the sensor pixel array 838 may have to share
backplane real estate with the display fanout 812. In the latter
case, the sensor pixel array 838 may extend relatively unim-
peded across the entire width (vertical height, with respect to
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the orientation of FIG. 8A) of the display module 800. In
implementations where the sensor pixel array 838 and the
display pixel array 818 do not share a common backplane,
then a full-width sensor pixel array 838 may be implemented
that does not interfere with the display fanout 812 while still
being located on the same side of the display pixel array 818
as the display fanout 812.

FIG. 8B depicts a side view of an example display module
with a high-width ultrasonic fingerprint sensor used as a
palmprint sensor. As can be seen, a user may press the palm of
their hand 829 against a cover glass 850 that overlies a display
pixel array 818 and a sensor pixel array 838. When the sensor
pixel array 838 is a wide array, such as is shown in, for
example, FIG. 8A, then the sensor pixel array 838 may be
used to obtain a partial or whole palmprint reading of the
user’s palm using ultrasonic technologies as outlined herein.

FIG. 9 depicts a conceptual side view of a display module
900 that is configured in much the same manner as the display
module 400 of FIG. 4. In FIG. 9, the display module 900
includes a backplane 902 that has a display TFT array 918
formed thereon. The display TFT array includes a plurality of
display TFT circuits 906 arranged in a regular pattern. A
liquid crystal layer 958 may be located on top of the back-
plane 902 and the display TFT array 918; the liquid crystal
layer 958 may have individual liquid crystal cells that are each
associated with a different display TFT circuit 906. A liquid
crystal electrode layer 962 may be located on the opposite
side of the liquid crystal layer 958. Applying a voltage
between the liquid crystal electrode layer 962 and one of the
display TFT circuits 906 may cause the individual liquid
crystal cell located between the liquid crystal electrode layer
962 and the display TFT circuit 906 to change state, thus
causing more or less twist of polarized light passing through
the liquid crystal cell.

A backlight 960 may be located on the opposite side of the
backplane 902 from the display TFT array 918. A first polar-
izer 952 may be interposed between the backplane 902 and
the backlight 960, and a second polarizer 954 may be located
on the opposite side of the liquid crystal layer 958 from the
first polarizer 952. The first polarizer 952 and the second
polarizer 954 may be oriented such that their polarization
directions are perpendicular to one another.

Also visible in FIG. 9 is a color filter array 956 that is
placed between the second polarizer 954 and a cover glass
950. The color filter array 956 may filter the light that passes
through individual liquid crystal cells and the first and second
polarizers 952 and 954 so that each individual liquid crystal
cell is substantially monochromatic. Different wavelengths
of monochromatic light from adjacent pixels may be com-
bined to produce a large and varied color range. Of course, in
atwo-color display, e.g., white and black, the color filter array
956 may be omitted. In a field-sequential multi-color display,
the color filter array 956 may also be omitted, as sequentially
colored backlights (e.g. red then green then blue) provide the
desired colored light as the display TFT circuits 906 and the
liquid crystal layer 958 rapidly change states corresponding
to the lighting sequence and the image to be displayed.

Also shown in FIG. 9 are a piezoelectric ultrasonic receiver
layer 972 and a piezoelectric ultrasonic transmitter layer 970.
The piezoelectric ultrasonic transmitter layer 970 is, in this
case, located on the opposite side of the backplane 902 from
the cover glass 950, and the piezoelectric ultrasonic receiver
layer 972 is interposed between the backplane 902 and the
cover glass 950. In some other implementations, however, the
locations of the piezoelectric ultrasonic transmitter layer 970
and the piezoelectric ultrasonic receiver layer 972 may be
swapped, or both the piezoelectric ultrasonic transmitter layer
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970 and the piezoelectric ultrasonic receiver layer 972 may be
located on the same side of the backplane 902.

The piezoelectric ultrasonic transmitter layer 970 may,
when a voltage is applied across a first transmitter electrode
978 and a second transmitter electrode 980, produce a planar
ultrasonic wave that is directed towards the cover glass 950.
By timing the application of the voltage across the first trans-
mitter electrode 978 and the second transmitter electrode 980,
the timing and duration of the ultrasonic waves produced by
the piezoelectric ultrasonic transmitter layer 970 may be
modulated.

The piezoelectric ultrasonic receiver layer 972 such as a
layer of PVDF or PVDF-TrFE may include piezoelectric
crystals that produce measurable electrical charges when sub-
ject to acoustic pressure caused from incident ultrasonic
waves. A piezoelectric crystal in the piezoelectric ultrasonic
receiver layer 972 may be bracketed between a common
receiver layer electrode 976 and one of a plurality of pixel
input electrodes 974. Any charges produced by the piezoelec-
tric crystals associated with a particular pixel input electrode
974 may be detected by a sensor pixel circuit 926 that is
conductively connected to the pixel input electrode 974. This
is the case for most of the piezoelectric crystals, although
some piezoelectric crystals in the piezoelectric sensor layer
may not be so bracketed (for example, if round pixel input
electrodes are used, the piezoelectric crystals overlaying the
interstices between adjacent pixel input electrodes may not be
so bracketed). Each pixel input electrode 974 may have a
nominal width in one direction that is greater than about 70%
of'the pixel pitch distance in that direction and that is also less
than the pixel pitch distance in that direction. In some imple-
mentations, the pixel input electrode 974 may have a nominal
width in one direction that is greater than about 50% of the
pixel pitch distance in that direction and that is also less than
the pixel pitch distance in that direction. In other implemen-
tations, e.g., non-imaging implementations such as buttons or
slider controls (see later discussion herein), the pixel input
electrode dimensions may be considerably smaller than the
pixel pitch.

When the pixel input electrodes 974 and the sensor pixel
circuits 926 are arranged in a two-dimensional array, e.g., an
arrangement similar to the arrangement of the pixel input
electrodes 38 and the sensor pixel circuits 32 of FIG. 2, the
resulting array may be used to provide a two-dimensional
map of ultrasonic wave intensity/pressure within the piezo-
electric ultrasonic receiver layer 972 that corresponds to the
reflection intensity of the ultrasonic wave at the exposed
surface of the cover glass 950, which may act in a manner
similar to the platen 40 of FIG. 2.

The stacked piezoelectric ultrasonic transmitter layer 970,
first and second transmitter electrodes 978 and 980, back-
plane 902, sensor pixel circuits 926, pixel input electrodes
974, piezoelectric ultrasonic receiver layer 972, piezoelectric
ultrasonic receiver layer electrode 976, and cover glass 950
may form a substantially contiguous block of material so as to
avoid the presence of void spaces such as air gaps within the
stacked assembly. This prevents or reduces acoustic imped-
ance mismatches between the various materials through
which an ultrasonic wave generated by the piezoelectric ultra-
sonic transmitter layer 970 may travel as it passes through the
stacked assembly and towards the exposed surface of the
cover glass 950. In some implementations, the ultrasonic
sensor-related components shown in FIG. 9 that may be
located between the backplane 902 and the cover glass 950
may have an overall thickness that is less than the gap distance
between the cover glass 950 and the backplane 902. In such
implementations, the remaining space may be filled with a
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spacer glass or other material to avoid the presence of an open
gap. The various layers/components in the ultrasonic sensor
stack may be bonded to one another with adhesives or via
other mechanisms to avoid potential open gaps.

While the components and layers shown in FIG. 9 are not
drawn to scale, ultrasonic fingerprint sensors may be imple-
mented on a very small scale. For example, the piezoelectric
layers used for the piezoelectric ultrasonic transmitter layer
and the piezoelectric ultrasonic receiver layer may be on the
order of 0.005 to 0.1 mm in thickness, the transmitter and
receiver bias electrodes may be on the order of 0.0001 to 0.02
mm in thickness, the cover glass and the backplane may be on
the order of 0.1 to 1 mm in thickness, and the sensor pixel
circuits and pixel input electrodes may be on the order of
0.0005 to 0.002 mm in thickness. These thickness values are
merely provided as an example and to give the reader a sense
of the approximate scale of an ultrasonic fingerprint sensor.
These components may also have thicknesses other than
those listed.

Ultrasonic sensor arrays may also be integrated into a
display module design in other ways. For example, ultrasonic
sensor arrays may be integrated into some touch-sensitive
display modules as set forth below.

In some displays with touch interface functionality, a touch
input layer may be sandwiched between the various display
components, e.g., components such as polarizers, back-
planes, color filters, liquid crystal layers, OLEDs, etc., and
the cover glass. In some such devices, the touch input layer
may be formed on the back side of the cover glass. The touch
input layer may, for example, be a projected capacitive touch
(PCT) input layer and may utilize a pattern of conductive
traces that form an array of variable capacitors that can be
used to detect locational changes in capacitance caused by the
presence of a finger in the vicinity of the array.

Such touch input layers may be connected to a flex cable to
allow for electrical communication between the touch input
layer and, for example, a touch controller. The flex cable may
be soldered or otherwise connected to contacts in the touch
input layer located along or near one edge of the display
module.

An ultrasonic sensor, such as that depicted in FIG. 2, may
be bonded to the cover glass of such a display module and
may be electrically connected to the same flex cable used to
connect with the touch input layer. Such an arrangement is
shown in FIG. 10.

In FIG. 10, a conceptual side view of a display module
similar to that shown in FIG. 9 is shown. Components in FIG.
10 that are numbered with the same last two digits as com-
ponents in FIG. 9 may, unless otherwise described, be
assumed to be substantially similar to the components in FIG.
9 that are numbered with the same last two digits and
described earlier in this disclosure.

As can be seen in FIG. 10, a touch layer 1064 has been
interposed between the second polarizer 1054 and the cover
glass 1050. The touch layer 1064 may, for example, be
bonded to the second polarizer 1054 with an adhesive layer
1082. A portion of the touch layer 1064 may protrude beyond
the edge of the second polarizer 1054 so as to allow touch flex
leads 1090 of a touch flex cable 1088 to be connected to
conductive traces of the touch layer 1064.

As may be further seen in FIG. 10, the ultrasonic sensor
portion of the display module 1000 is slightly different than
the ultrasonic sensor portion of FIG. 9. In FIG. 10, the ultra-
sonic sensor, as in FIG. 9, includes a piezoelectric ultrasonic
transmitter layer 1070 and a piezoelectric ultrasonic receiver
layer 1072, as well as pixel input electrodes 1074 and sensor
pixel circuits 1026. However, in contrast to the variant shown
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in FIG. 9, the sensor pixel circuits 1026 are provided on an
ultrasonic sensor backplane 1004 that is separate from the
backplane 1002. Furthermore, a spacer 1084 is located
between the receiver bias electrode 1076 and the cover glass
1050. The spacer 1084 may be used to allow ultrasonic flex
leads 1092 of touch flex cable 1088 to be conductively con-
nected to the surface of the receiver bias electrode 1076 that
faces the cover glass 1050. This allows a flex cable with
exposed conductors on only one side of the terminal end that
connects to the touch layer 1064 and the receiver bias elec-
trode 1076 to be used as the touch flex cable 1088. The touch
flex cable 1088 may be split along its length for some distance
to allow the touch flex cable leads 1090 and the ultrasonic
cable leads 1092 to be routed in opposite directions, as shown.
If a flex cable with exposed conductors on both sides of the
terminal end is used, then the spacer 1084 may be omitted.

The split-flex arrangement shown in FIG. 10 may also be
implemented on display modules having ultrasonic finger-
print sensors with sensor pixel circuits that share a common
backplane with display pixel circuits, e.g., such as is shown in
FIG. 9. In FIG. 10, the touch flex cable 1088 is shown passing
between the second transmitter electrode 1080 and the back-
plane 1002, i.e., taking advantage of a gap between the ultra-
sonic component stack and the backplane 1002 that may be
provided in display modules where the display pixel circuits
1006 and the sensor pixel circuits 1026 are located on sepa-
rate backplanes, e.g., backplane 1002 and ultrasonic sensor
backplane 1004, rather than on a common backplane. How-
ever, a touch flex cable similar to the touch flex cable 1088
may also be used for display modules that feature display
pixel circuits and sensor pixel circuits provided on a common
backplane, e.g., such as is shown in FIG. 9. In such imple-
mentations, the touch flex cable may, instead of being routed
in between the ultrasonic components and the backplane, be
routed to the side, i.e., into or out of the page with respect to
FIG. 10. After clearing the volume occupied by the ultrasonic
components, the touch flex cable may then be routed towards
a desired edge of the display module 1000, e.g., any of the
three edges of the display module bracketing the ultrasonic
sensor components, display driver chip, etc. Since the
receiver bias electrode 1076 requires only one conductive
trace in order to operate, the touch flex cable may only require
one additional conductor. In some implementations, the exist-
ing touch flex cable for a touch sensitive layer may already
have an unused, spare conductor that may be utilized for this
purpose.

In FIG. 11, a conceptual side view of another display
module is depicted. Components in FIG. 11 that are num-
bered with the same last two digits as components in FIG. 10
may, unless otherwise described, be assumed to be substan-
tially similar to the components in FIG. 10 that are numbered
with the same last two digits and described earlier in this
disclosure. FIG. 13 depicts a plan view of a touch layer for a
display module that may be referred to with respect to the
discussion of FIG. 11.

As in FIG. 10, the sensor pixel circuits 1126 are located on
a separate ultrasonic sensor backplane 1104, although vari-
ants featuring a common backplane providing both the dis-
play pixel circuits 1106 and the sensor pixel circuits 1126
may also be used. The display module 1100 shown in FIG. 11
differs from the display module 1000 shown in FIG. 10 in that
the particular implementation shown features a conductive
touch layer 1166 and a silver ink layer 1168. For example, if
the touch layer 1064 from FIG. 10 is a resistive touch layer, it
may feature a grid of overlapping, but non-contacting, con-
ductive traces (see FIG. 13, conductive traces 1344) over the
display area of the display module. The conductive traces
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1344 may be formed from a transparent conductive material,
e.g., indium-tin-oxide (ITO), thus forming a structure similar
to the conductive touch layer 1166. The conductive touch
layer may feature a plurality of separate electrical traces that
allow each grid trace to be separately addressed. To enhance
electrical performance of the conductive touch layer 1166,
the conductive touch layer 1166 may be electrically “rein-
forced” using an additive layer of electrically reinforcing
conductive materials, e.g., silver ink 1368 or other high-
conductivity material such as a silver-urethane coating, a
filled polymer, a conductive paste, a conductive ink, a screen-
printed conductor, or an electrically conductive coating. Such
materials may typically be applied to the traces of the con-
ductive touch layer 1166 in areas that do not overlap the
display area of the display module, as such higher-conduc-
tivity materials are typically opaque or reflective.

The traces connected to the grid traces may be connected to
a flex cable 1342 that may be connected to a processor that
may receive and/or process touch input. In some touch sen-
sors, there may be driver chips located cover glass 1150 (or,
more accurately, on the conductive touch layer 1166 or the
silver ink layer 1168) that may assist in signal conditioning,
A/D conversion, and/or touch sensing.

In implementations such as the one shown in FIG. 11, the
receiver bias electrode may be provided by a region 1345 of
the conductive touch layer 1166 that is in contact with the
piezoelectric ultrasonic receiver layer 1172. This region 1345
may be electrically isolated from the other traces in the con-
ductive touch layer 1166, and may be electrically connected
to the same flex cable 1342 used to interface with the conduc-
tive touch layer 1166 via a trace in the conductive touch layer
1166. The trace that electrically connects the region with the
flex cable, as well as the conductive touch layer 1166 encir-
cling the region (the encircling portion is indicated by 1348)
that is in contact with the piezoelectric ultrasonic receiver
layer 1172 may be electrically reinforced or augmented with
silver ink from the silver ink layer 1168 as well. The portion
of'the conductive touch layer that actually overlays the piezo-
electric ultrasonic receiver layer 1172, however, may be kept
free of silver ink. This may be done to prevent the silver ink,
which is a metallic compound, from being in the direct trans-
mission path of ultrasonic waves produced by the piezoelec-
tric ultrasonic transmitter layer 1170 and received by the
piezoelectric ultrasonic receiver layer 1172. The high acous-
ticimpedance of such a metallic compound with respect to the
acoustic impedance of the piezoelectric ultrasonic receiver
layer 1172 may result in a large fraction of incident ultrasonic
waves being reflected back from the metallic compound
rather than passing through the cover glass 1150 so as to
permit scanning of an object on the cover glass. Accordingly,
the portion of the conductive touch layer that overlays the
piezoelectric ultrasonic receiver layer 1172 should generally
be kept free of materials with a high acoustic impedance
mismatch with respect to the adjacent materials.

Electrical reinforcement around the portion of the conduc-
tive touch layer that overlays the piezoelectric ultrasonic
receiver layer 1172 may be useful since the piezoelectric
ultrasonic receiver layer 1172 may, when biased to generate
image data, temporarily consume a large amount of current.
The amount of current may be large enough that materials
used to produce the conductive touch layer 1166, e.g., ITO,
may, in combination with the typical trace thicknesses used,
be unable to conduct current sufficiently without dropping
undue amounts of voltage across the surface of the receiver
layer 1172. If the trace that connects the portion of the con-
ductive touch layer that overlays the piezoelectric ultrasonic
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receiver layer 1172 with the flex cable is electrically rein-
forced with a high-conductivity material, however, this con-
cern may be addressed.

In some of the Figures discussed herein, various electrical
connections are shown as being provided via a flex cable
(sometimes referred to as a flexible printed circuit or FPC) of
some sort. It is to be understood that while flex cables are
well-suited to such connections (due to a high density of
conductors, ease of tailoring the flex cable to a particular
routing path, and low manufacturing cost), other electrical
connection techniques may be used to connect the various
components discussed with processors, drivers, and/or other
control hardware. For example, individual wires may be used
to make some electrical connections, e.g., an individual wire
may be used to make an electrical connection to a single
element, such as the receiver bias electrode of the ultrasonic
fingerprint sensor, or an inter-layer via may be used, e.g., an
insulated conductive post that passes through the piezoelec-
tric ultrasonic receiver layer and in conductive contact with
the receiver bias electrode and a driver circuit on the back-
plane providing the sensor pixel circuits. It is to be further
understood that while specific electrical connections to vari-
ous electrical components are not shown in many of the
Figures to avoid undue clutter, a person of ordinary skill in the
art would recognize that such electrical components would be
electrically connected to various control, signal and power
systems. For example, the first and second transmitter elec-
trodes would be connected to a driver circuit to allow a volt-
age to be applied across the piezoelectric ultrasonic transmit-
ter layer. Recognizing and establishing such electrical
connections is within the skill of someone of ordinary skill in
the art.

It is also be recognized that one or more of the various
components described herein may be electrically connected
to various other components, e.g., processors, via a common
cable, e.g., a single flex cable. For example, a single flex cable
may be used to provide electrical connections between a
processor or printed circuit board and a touch layer and an
ultrasonic fingerprint sensor of a display module. While such
arrangements may reduce the overall number of cables that
may need to be made and routed within a particular device,
such cable integration is not strictly necessary. Accordingly,
in some implementations, a flex cable or other type of cable
may be electrically connected to only one component, e.g., a
flex cable may be connected only with a sensor driver chip for
an ultrasonic fingerprint sensor.

In many of the examples contained herein, sensor driver
chips (and display driver chips) were discussed. In the illus-
trated examples, these chips were located on the backplane or
backplanes of a display module having an ultrasonic finger-
print sensor; this is referred to as “chip-on-glass” (COG) in
the industry. It is to be understood that such chips, and the
circuits they house, may be located in other locations as well,
including in locations completely separate from the display
module. For example, one or more of such chips may be
integrated into or onto a flex cable, which is referred to as
“chip-on-flex” (COF) in the industry. In another example, one
or more of such chips may be located on a circuit board
connected to the opposing end of the flex cable. It is to be
understood that display modules with integrated ultrasonic
fingerprint touch sensors that feature such alternate chip
placements are also within the scope of this disclosure.

While the present disclosure has focused primarily on the
integration of arrayed piezoelectric ultrasonic sensors for
fingerprint recognition, the ultrasonic sensor integration con-
cepts outlined herein may also be applied to single-pixel (or
other, reduced pixel-count sensors of unsuitable resolution
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for fingerprint scanning purposes) ultrasonic sensors. For
example, an ultrasonic sensor having a single, large receiver
pixel (a sensor pixel array where the number of sensor pixel
elements in the array is 1, i.e., a single sensor pixel element)
may be capable of detecting when a finger is placed on top of
it, but may be completely unable to provide any useful infor-
mation regarding the actual fingerprint of that fingerprint.
Instead, it may simply provide a single-pixel “average” of the
fingerprint detail. This “average” image of the fingerprint is
nonetheless useful since such an averaged image will be
significantly different when a finger is present on the cover
glass over such a sensor than it would be when a finger is not
present on the cover glass. Thus, the single-pixel ultrasonic
sensor may be used as a simple digital button—when a finger
is present on the cover glass over the sensor, it may be
detected and treated as a button press. Conversely, if no finger
is present, this may also be detected and treated as a button
non-press or a button release.

Such “button” ultrasonic sensors may, in essence, require a
single sensor pixel circuit, referred to herein as a “button pixel
circuit.” Their implementation as compared to the arrayed
sensor pixel circuits useful for fingerprint scanning is thus
relatively simple. The button pixel circuit may be formed in
the same backplane that provides display pixel circuits for the
display module, e.g., as an additional pixel circuit in addition
to the sensor pixel circuits in the sensor pixel array and in
addition to the display pixel circuits in the display pixel array.
There may be multiple individual button pixel circuits pro-
vided on a single backplane to allow for multiple, discrete
buttons. Such button pixel circuits may be connected to other
components on the backplane, or may be connected to a flex
cable. Any display fanout or sensor fanout may be re-routed
s0 as to stay free of the button pixel circuits.

FIG. 12 depicts a plan view of a display module similar to
that shown in FIG. 4 but with additional ultrasonic buttons
integrated onto the backplane. In FIG. 12, the structures
shown are, in large part, identical to those shown in FIG. 4.
Elements in FIG. 12 that are numbered with callouts having
the same last two digits as similar structures in FIG. 4 are to
be understood to be substantially similar to the corresponding
structures in FIG. 4. In the interest of avoiding repetition, the
reader is referred to the earlier description of such elements
with respect to FIG. 4 and with regard to FIG. 5.

As can be seen in FIG. 12, the display driver chip 1214 is
offset from the center of the display module, freeing up a
portion ofthe backplane 1202 and allowing for the integration
of two ultrasonic button sensors 1225 onto the backplane. As
discussed above, the ultrasonic button sensors 1225 may be
single-pixel ultrasonic devices; the single pixel circuit for
each of the ultrasonic button sensors may be provided on the
backplane, much as the display pixel circuits 1206 and the
sensor pixel circuits 1226. A button flex cable 1223 may
connect the ultrasonic button sensors 1225 to a controller or
other device configured to control the ultrasonic button sen-
sors 1225. Much as two button sensors 1225 may be formed
on the backplane 1202, a series of ultrasonic buttons 1225
such as a linear array may be formed on the backplane. In one
configuration, a set of buttons may be positioned in a linear
array, forming an ultrasonic slider control that may be used
for volume control purposes or as a gesture input device such
as a swipe sensor to turn on or unlock a mobile device when
a user swipes a finger across the sensor. In one operating
mode, a user may power up a mobile device with a swipe of a
finger, and then place the tip of the finger onto the fingerprint
sensor to validate the user and unlock the mobile device. In
another operating mode, a user may tap one or more of the
ultrasonic buttons or the linear array to wake up the mobile
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device and then place a finger on the ultrasonic fingerprint
sensor to be authenticated. A specific sequence of taps such as
tap-tap-pause-tap on one or more buttons may allow the user
to access the mobile device or to use an application that runs
on the mobile device. In another configuration, three or more
ultrasonic buttons may be positioned near the periphery of a
display to serve as, for example, a back button, a home button,
or a menu/enter/select button. These buttons may provide
access to these or other functions with or without user authen-
tication capability within the button. The buttons may have as
few as one pixel suitable for detecting a touch on the button.
Alternatively, the buttons may have a high-resolution array of
sensor pixels to detect a touch and to authenticate a user
before executing a function. In one operating mode, the but-
tons may detect acoustic emissions or changes in capacitance
to determine the presence of a finger or other object without
turning on the ultrasonic transmitter. In another mode, the
buttons may detect the presence of an object using image
information generated from the sensor while operating the
ultrasonic transmitter. In another mode, the buttons may first
detect the presence of an object without the transmitter on,
and then generate further information about the object while
operating the transmitter. The cover glass or cover lens above
the ultrasonic buttons may be roughened or otherwise tex-
tured to aid in the generation of sound when, for example, a
user brushes his/her finger over the button.

In another configuration, a rectangular array of ultrasonic
pixels may form a touchpad or a signature pad that is off to
one side of the display region. The touchpad or signature pad
may be used to, for example, provide navigational input to
operations of a display device or to allow signature verifica-
tion of a user with the display device. In some implementa-
tions, the region above the touchpad or signature pad may be
textured to aid in detection of a stylus.

In addition to the ultrasonic fingerprint sensors discussed
herein, the present inventors have realized that, in some
implementations, it may be possible to omit the ultrasonic
component of the fingerprint sensor completely and rely
entirely on the capacitive behavior of the sensor pixel circuits
that ordinarily interface with the piezoelectric ultrasonic
receiver layer. For example, such sensor pixel circuits register
different magnitudes of charge when the pixel input elec-
trodes (or the underlying sensor pixel circuit connections to
the pixel input electrodes) come into contact or close contact
with human skin, e.g., a fingerprint ridge, as compared with
air, e.g., a fingerprint valley. If the array of sensor pixel
circuits has a small enough pitch, e.g., 500 ppi, then the
resulting output from the array of sensor pixel circuits may be
used to produce an image of the fingerprint in much the same
manner as it would be used when implemented with a piezo-
electric ultrasonic receiver layer. One limitation to such
capacitive sensors is that they are only effective when the
object being imaged, e.g., a fingerprint, is very close to the
input electrodes of the sensor pixel circuit. For example, if the
fingerprint is offset more than the width of a fingerprint ridge
from the input electrodes of the sensor pixel circuit, the values
reported out by each sensor pixel circuit will be inaccurate
and a fingerprint will not be able to be reconstructed. In some
implementations, a capacitively configured sensor may have
an overlying coating that is between about one and twenty
microns thick.

If a capacitive fingerprint sensor is used instead of an
ultrasonic fingerprint sensor, the capacitive sensor may need
to be mounted behind a much thinner section of a cover glass
than is used over the majority of the display module, e.g., with
a thickness much less than the spacing between fingerprint
ridges. Alternatively, the capacitive fingerprint sensor may be
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located behind a protective layer of another material, e.g.,
Parylene, and may not be covered by the cover glass at all,
e.g., located in a cutout area of the cover glass, or in a location
past the edge of the cover glass.

It is also to be understood that the backplanes described
herein with a first array of display pixel circuits and a second
array of sensor pixel circuits may also be used in sensors other
than piezoelectric sensors. For example, a sensor pixel or
array of sensor pixels may be used for ambient temperature
measurement or configured for magnetic field detection. The
display portion and the non-display portion may have com-
mon or separate flex cables for driving the display and for
acquiring data from the non-display or sensor portion.

Display modules such as those described herein may be
made using a variety of processes. For example, a display
module according to FIG. 9 may be made by first producing
or providing a backplane having at least two separate arrays of
pixel circuits: an array of display pixel circuits and an array of
sensor pixel circuits (the backplane may include the pixel
input electrodes for the array of sensor pixel circuits as well).
Various display-related components may be assembled to the
backplane as is ordinarily done during assembly of such a
display module. For example, a liquid crystal layer may be
applied to the side of the backplane having the array of dis-
play pixel circuits and the liquid crystals may then be oriented
in the desired orientation. An electrode may then be applied to
the liquid crystal layer and a color filter array and a polarizer
may then be layered on top of this electrode. A backlight may
then be applied to the opposite side of the backplane. Prior to,
concurrently with, or after the assembly of most of the dis-
play-related components, a piezoelectric film may be applied
to the pixel input electrodes to form the piezoelectric ultra-
sonic receiver layer. The receiver bias electrode may then be
applied to the piezoelectric ultrasonic receiver layer. If nec-
essary, a spacet, e.g., a spacer glass, may be applied to the
receiver bias electrode to height-match the ultrasonic layer
stack on the backplane with the display layer stack on the
backplane. The cover glass, as well as any optional touch-
screen interfaces, may then be bonded on the two separate
stacks. In addition to the components assembled onto the
pixel-circuit-side of the backplane, additional components
may be assembled onto the opposite side of the backplane.
For example, the backlight for the display components may
be mounted onto the opposite side of the backplane. Addi-
tionally, the first transmitter electrode may be mounted onto
the opposite side of the backplane as well, followed by the
application of a further piezoelectric layer to form the piezo-
electric ultrasonic transmitter layer. The second transmitter
electrode may then be applied, and an insulating coating or a
backside cap may then be applied to protect against inadvert-
ent short circuits.

Another possible assembly technique may be used to pro-
vide display modules that feature ultrasonic fingerprint sen-
sors that are not located underneath the cover glass; such
techniques may also be used with capacitive fingerprint sen-
sors that may not function behind the thickness of a cover
glass. Such a technique may be very similar to that described
above with regard to a fingerprint sensor “under” a cover
glass, although there may be additional actions taken. For
example, ahole or opening may be provided in the cover glass
around the ultrasonic fingerprint sensor, and the fingerprint
sensor, instead of being covered by the cover glass, may have
a separate cover, e.g., a spacer glass, or coating, e.g.,
Parylene. Alternatively, the cover glass may simply not
extend over the ultrasonic fingerprint sensor.

Various modifications to the implementations described in
this disclosure may be readily apparent to those having ordi-
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nary skill in the art, and the generic principles defined herein
may be applied to other implementations without departing
from the spirit or scope of this disclosure. Thus, the disclosure
is not intended to be limited to the implementations shown
herein, but is to be accorded the widest scope consistent with
the claims, the principles and the novel features disclosed
herein. The word “exemplary” is used exclusively herein, if at
all, to mean “serving as an example, instance, or illustration.”
Any implementation described herein as “exemplary” is not
necessarily to be construed as preferred or advantageous over
other implementations.

Certain features that are described in this specification in
the context of separate implementations also can be imple-
mented in combination in a single implementation. Con-
versely, various features that are described in the context of a
single implementation also can be implemented in multiple
implementations separately or in any suitable subcombina-
tion. Moreover, although features may be described above as
acting in certain combinations and even initially claimed as
such, one or more features from a claimed combination can in
some cases be excised from the combination, and the claimed
combination may be directed to a subcombination or varia-
tion of a subcombination.

Similarly, while operations are depicted in the drawings in
a particular order, this should not be understood as requiring
that such operations be performed in the particular order
shown or in sequential order, or that all illustrated operations
be performed, to achieve desirable results. In certain circum-
stances, multitasking and parallel processing may be advan-
tageous. Moreover, the separation of various system compo-
nents in the implementations described above should not be
understood as requiring such separation in all implementa-
tions, and it should be understood that the described program
components and systems can generally be integrated together
in a single software product or packaged into multiple soft-
ware products. Additionally, other implementations are
within the scope of the following claims. In some cases, the
actions recited in the claims can be performed in a different
order and still achieve desirable results.

It will be understood that unless features in any of the
particular described implementations are expressly identified
as incompatible with one another or the surrounding context
implies that they are mutually exclusive and not readily com-
binable in a complementary and/or supportive sense, the
totality of this disclosure contemplates and envisions that
specific features of those complementary implementations
can be selectively combined to provide one or more compre-
hensive, but slightly different, technical solutions. It will
therefore be further appreciated that the above description has
been given by way of example only and that modifications in
detail may be made within the scope of this disclosure.

What is claimed is:
1. A display module comprising:
a thin-film transistor (TFT) backplane including:
a substrate with a first side and an opposing second side,
an array of display pixel circuits located on the first side,
each display pixel circuit configured to cause a dis-
play pixel of a display device connectable to the TFT
backplane to change light-emitting, light-transmit-
ting, or light-reflecting states, and
an array of sensor pixel circuits located on the first side,
each sensor pixel circuit configured to form part of a
piezoelectric ultrasonic fingerprint sensor circuit and
configured to read a charge provided to the piezoelec-
tric ultrasonic fingerprint sensor circuit from an array
location in the array of sensor pixel circuits, wherein
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the array of display pixel circuits and the array of sensor
pixel circuits occupy non-overlapping areas of the
TFT backplane;
one or more display components positioned between the
cover glass and the TFT backplane, the one or more
display components configured to, in conjunction with
the array of display pixel circuits, provide display func-
tionality for the display module; and
a piezoelectric ultrasonic fingerprint sensor, wherein:
the display module has an active display area defined by
the maximum extents of the array of display pixel
circuits,

the piezoelectric ultrasonic fingerprint sensor is located
outside of the active display area,

at least part of the piezoelectric ultrasonic fingerprint
sensor is located between the TFT backplane and the
cover glass,

the array of sensor pixel circuits forms part of the piezo-
electric ultrasonic fingerprint sensor, and

the piezoelectric ultrasonic fingerprint sensor includes
one or more layers of material such that a surface of
the piezoelectric ultrasonic fingerprint sensor furthest
from the TFT backplane is at the same distance from
the TFT backplane as a surface of the one or more
display components furthest from the TFT backplane.
2. The display module of claim 1, wherein the fingerprint
sensor is sized to capture fingerprints from at least two fingers
simultaneously.
3. The display module of claim 1, wherein the piezoelectric
ultrasonic biometric sensor is a palmprint sensor.
4. The display module of claim 1, further comprising a
single sensor pixel circuit separate from the array of sensor
pixel circuits, the single pixel circuit configured to perform as
an ultrasonic button.
5. The display module of claim 1, further comprising an
array of pixel input electrodes, wherein:
each pixel input electrode overlays a sensor pixel circuit in
the array of sensor pixel circuits,
the sensor pixel circuits are spaced apart at a first pitch
distance in a first direction, and
each pixel input electrode has a nominal width in the first
direction greater than about 70% of the first pitch dis-
tance and less than the first pitch distance.
6. The display module of claim 1, further comprising a
piezoelectric layer that overlays the array of sensor pixel
circuits.
7. The display module of claim 1, wherein the sensor pixel
circuits are arrayed with a density of approximately 500 sen-
sor pixel circuits per inch or higher.
8. The display module of claim 1, further comprising:
a plurality of display data traces that are substantially par-
allel to one another and spaced apart by a first pitch
distance within the area of the TFT backplane occupied
by the array of display pixel circuits; and
a display fanout, wherein:
the display data traces enter the display fanout spaced
apart by the first pitch distance and exit the display
fanout spaced apart by a second pitch distance less
than the first pitch distance, and

the display fanout is located substantially between the
array of sensor pixel circuits and the array of display
pixel circuits.

9. The display module of claim 8, further comprising:

a plurality of sensor data traces that are substantially par-
allel to one another and spaced apart by a third pitch
distance within the area of the TFT backplane occupied
by the array of sensor pixel circuits; and
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a sensor fanout, wherein the sensor data traces enter the
sensor fanout spaced apart by the third pitch distance and
exit the sensor fanout spaced apart by a fourth pitch
distance less than the third pitch distance.
10. The display module of claim 9, further comprising:
a display driver chip located on the TFT backplane; and
a sensor driver chip located on the TFT backplane,
wherein:
the display driver chip is electrically connected to the
display data traces exiting the display fanout,

the sensor driver chip is electrically connected to the
sensor data traces exiting the sensor fanout, and

the sensor driver chip and the display driver chip are
separate chips.
11. The display module of claim 9, further comprising:
a combined display and sensor driver chip located on the
TFT backplane, wherein:
the combined display and sensor driver chip is electri-
cally connected to the display data traces exiting the
display fanout and the sensor data traces exiting the
sensor fanout, and

the combined display and sensor driver chip is a single,
integrated chip.
12. A display module comprising:
a cover glass sized larger than an active display area of the
display module;
a thin-film transistor (TFT) backplane with a first side and
an opposing second side, wherein the TFT backplane
has:
an array of display pixel circuits located on the first side,
wherein the display module has an active display area
defined by the maximum extents of the array of dis-
play pixel circuits, and

an array of sensor pixel circuits located on the first side,
each sensor pixel circuit configured to form part of a
piezoelectric ultrasonic fingerprint sensor circuit for a
piezoelectric ultrasonic fingerprint sensor, wherein
the array of sensor pixel circuits is located outside of
the active display area;
one or more display components positioned between the
cover glass and the TFT backplane, the one or more
display components configured to, in conjunction with
the array of display pixel circuits, provide display func-
tionality for the display module;
the piezoelectric ultrasonic fingerprint sensor, wherein:
at least part of the piezoelectric ultrasonic fingerprint
sensor is located between the TFT backplane and the
cover glass, and

the array of sensor pixel circuits forms part of the piezo-
electric ultrasonic fingerprint sensor; and

one or more layers of material interposed between the
piezoelectric ultrasonic fingerprint sensor and the cover
glass, wherein the one or more layers of material is free
of gaps between the piezoelectric ultrasonic sensor and
the cover glass.

13. The display module of claim 12, wherein:

the ultrasonic sensor system includes an ultrasonic trans-
mitter and an ultrasonic receiver in a stacked arrange-
ment, and

the distance between the ultrasonic transmitter and the
cover glass and the distance between the ultrasonic
receiver and the cover glass are both substantially free of
gaps.

14. The display module of claim 13, wherein:

the ultrasonic transmitter includes a piezoelectric ultra-
sonic transmitter layer interposed between a first trans-
mitter electrode and a second transmitter electrode, and
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the ultrasonic receiver includes a piezoelectric ultra-
sonic receiver layer interposed between the array of
sensor pixel circuits and a receiver bias electrode.

15. The display module of claim 14, wherein the ultrasonic
receiver is interposed between the TFT backplane and the
cover glass.

16. The display module of claim 15, further comprising

the one or more layers of material include one or more

spacers arranged in a stacked configuration with the

ultrasonic receiver, wherein:

the one or more display components positioned between
the cover glass and the TFT backplane has a display
stack thickness that defines an offset between the
cover glass and the TFT backplane,

the ultrasonic receiver, inclusive of the receiver bias
electrode, has an ultrasonic receiver thickness that is
less than the display stack thickness, and

the stacked configuration of the one or more spacers and
the ultrasonic receiver, inclusive of the receiver bias
electrode and any adhesive or bonding layers between
the ultrasonic receiver and the one or more spacers,
has a first stack thickness that is substantially equal to
the display stack thickness.

17. The display module of claim 14, further comprising a
conductive touch layer formed on the cover glass, wherein the
receiver bias electrode is provided by a portion of the con-
ductive touch layer.

18. The display module of claim 17, wherein the conduc-
tive touch layer around the array of sensor pixel circuits is
electrically reinforced with an electrically-reinforcing mate-
rial and the conductive touch layer within the array of sensor
pixel circuits is substantially free of the electrically-reinforc-
ing material.

19. The display module of claim 18, wherein the electri-
cally-reinforcing material is silver ink.

20. A display module comprising:

a thin-film transistor (TFT) backplane including:

a substrate with a first side and an opposing second side;

an array of display pixel circuits located on the first side,
each display pixel circuit configured to cause a dis-
play pixel of a display device associated with the TFT
backplane to change light-emitting, light-transmit-
ting, or light-reflecting states, wherein the display
module has an active display area defined by the
maximum extents of the array of display pixel cir-
cuits; and
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a piezoelectric ultrasonic sensor pixel circuit located on
the first side, the sensor pixel circuit configured to
form part of a piezoelectric ultrasonic sensor circuit
configured to read a charge provided to the piezoelec-
tric ultrasonic sensor circuit, wherein the sensor pixel
circuit is located outside of the active display area;

one or more display components positioned between the
cover glass and the TFT backplane, the one or more
display components configured to, in conjunction
with the array of display pixel circuits, provide dis-
play functionality for the display module; and

a piezoelectric ultrasonic sensor, wherein:

at least part of the piezoelectric ultrasonic sensor is
located between the TFT backplane and the cover
glass,

the piezoelectric ultrasonic sensor pixel circuit forms
part of the piezoelectric ultrasonic sensor, and

the piezoelectric ultrasonic sensor includes one or more
layers of material such that a surface of the piezoelec-
tric ultrasonic sensor furthest from the TFT backplane
is at the same distance from the TFT backplane as a
surface of the one or more display components fur-
thest from the TFT backplane.

21. The display module of claim 20, wherein the piezoelec-
tric ultrasonic sensor is configured to be a button control.

22. The display module of claim 20, further comprising one
or more additional piezoelectric ultrasonic sensor pixel cir-
cuits that form a further part of the piezoelectric ultrasonic
sensor.

23. The display module of claim 22, wherein the piezoelec-
tric ultrasonic sensor pixel circuit and the one or more addi-
tional piezoelectric ultrasonic sensor pixel circuits are con-
figured to provide a slider control.

24. The display module of claim 20, further comprising:

an array of second piezoelectric ultrasonic sensor pixel

circuits located on the first side, each second piezoelec-
tric ultrasonic sensor pixel circuit configured to form
part of a second piezoelectric ultrasonic sensor circuit
configured to read a charge provided to the second
piezoelectric ultrasonic sensor circuit from an array
location, wherein:

the array of display pixel circuits and the array of second

piezoelectric ultrasonic sensor pixel circuits occupy

non-overlapping areas of the TFT backplane.
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